Potential-dependent anion movement into tonoplast vesicles from oat roots (Avena sati'a L. var Lang) was monitored as dissipation of membrane potentials (A4O) using the fluorescence probe Oxonol V. The potentials (positive inside) were generated with the H'-pumping pyrophosphatase, which is Kg stimulated and anion insensitive. The relative rate of A4, dissipation by anions was used to estimate the relative permeabilities of the anions. In decreasing order they were: SCN-(100) > NO3-(72) = Cl-(70) > Br-(62) > S042- (5) In this paper, we generated membrane potentials in right-side out tonoplast vesicles with the anion-insensitive H+-pyrophosphatase in order to exclude side effects of the anions on the enzyme activity, which might occur with the anion-sensitive H+-ATPase. The membrane potential provides one driving force for anion uptake into the vesicles. We used the rate of dissipation of membrane potentials by anions to show their different permeabilities. Our evidence suggests that the potential-dependent C1-and NO3-transport into the vacuole is via proteinaceous porters. We also try to elucidate further a putative Cl-conductance on the tonoplast H+-pumping ATPase. A preliminary report ofthese results has been presented (1 1). Preparation of Low Density Microsomal Vesicles. The procedure of Churchill and Sze (6, 7) was used with some modifications. A microsomal preparation was obtained using differential centrifugation. This fraction was further purifiedby use ofdensity gradient centrifugation. Low density vesicles, enriched in tonoplast membranes, were collected from the interface over a 6%
The vacuoles in plant cells store metabolites, sustain turgor pressure, and maintain suitable cytoplasmic conditions. In cultivated plants, the osmolarity of the vacuole is around 400 to 600 mosmol/L (8) and inorganic salts provide a large part of it (19) . The vacuolar concentrations range from 40 to 205 mM for K+ and 38 to 170 mm for Cl-for most higher plants (nonhalophytes; 17, 18) . Compartmental analyses together with membrane potential measurements have indicated active transport into the vacuole for Na+, K+, and Cl- (18, 24) . However, the driving force and the mechanisms of transport of various ions across the tonoplast could not be tested directly in the intact cell. With the discovery of the electrogenic (potential-generating) H+-pumping ATPase (1, 4, 6, 7, 14, 30) and PPase2 (32 and references therein) on the tonoplast, anion uptake into the vacuole according to Mitchell's chemiosmotic theory (22) In this paper, we generated membrane potentials in right-side out tonoplast vesicles with the anion-insensitive H+-pyrophosphatase in order to exclude side effects of the anions on the enzyme activity, which might occur with the anion-sensitive H+-ATPase. The membrane potential provides one driving force for anion uptake into the vesicles. We used the rate of dissipation of membrane potentials by anions to show their different permeabilities. Our evidence suggests that the potential-dependent C1-and NO3-transport into the vacuole is via proteinaceous porters. We also try to elucidate further a putative Cl-conductance on the tonoplast H+-pumping ATPase. A preliminary report ofthese results has been presented (1 1). Preparation of Low Density Microsomal Vesicles. The procedure of Churchill and Sze (6, 7) was used with some modifications. A microsomal preparation was obtained using differential centrifugation. This fraction was further purifiedby use ofdensity gradient centrifugation. Low density vesicles, enriched in tonoplast membranes, were collected from the interface over a 6% (w/w) dextran cushion. For simplicity, we shall refer to this fraction as tonoplast vesicles (30, 33) .
MATERIALS AND METHODS
ATPase and PPase Activities. PPase activity was determined by measuring the release of Pi from PPi (32) . Since two moles of Pi are released from 1 mol of PPi, we have expressed the activity as mol PPi consumed. The reaction mixture (0.5 ml) contained 30 It is possible that AO dissipation by SCN-, the most permeant anion (see "Results") is limited by these factors. Slower rates of dissipation by other anions must, however, be caused by other factors, e.g. the differential permeability of the membrane or the diffusion rate through the unstirred boundary layer surrounding the vesicles. Considering the similarity of the diffusion coefficients ofthe anions used, the large differences in dissipation rates must reflect the differential permeability ofthe membrane. Thus, the observed experimental differences among anions are useful for estimating the relative anion permeabilities.
Though indirect, measuring dissipation of Ai\ as an indicator of anion permeabilities has several advantages. Fast responses (few seconds) can be detected and the fluxes can be monitored continuously with time. Inorganic anions (e.g. C1-) move across isolated vesicle membranes very fast, making direct measurements of 3Cl-flux quantitatively unreliable (unpublished observations). Measuring isotope fluxes across vesicles with a filtration technique is slow (>20 s) and less sensitive (30) . Monitoring fast responses also reduces secondary effects resulting from direct anion effects on the primary pump (7, 33) or anion efflux via H+-coupled anion transport pathways (27) .
RESULTS AND DISCUSSION Anion-Insensitivity of the Electrogenic HW-Pumping PPase. Dissipation of membrane potentials generated by an anionsensitive H+-translocating ATPase has been used to get qualitative estimates of anion permeabilities (4, 6, 14) . To achieve a more quantitative comparison we took advantage of the K+-dependent H+-pumping PPase associated with tonoplast vesicles from oat roots, which is insensitive to anions (32; Table I ). (Fig. 2) . Organic anions, such as acetate, sulfate, malate, and IDA, did not dissipte PPi-generated A4', possibly because the rate of proton pumping into the vesicles exceeded anion influx. However, small decreases in A4' could be detected when the tonoplast H+-ATPase was used to generate membrane potentials. The order of rate of potential dissipation by these anions is SO42-= H2P04-> malate = acetate > IDA (Table II) . Sulfate, malate, and acetate had little or no effect on the ATPase activity in these vesicles (Table III) , excluding the possibility that potential dissipation was caused by inhibition ofthe H'-ATPase.
The permeability of phosphate is certainly less than that of Br-and the other more permeant anions, although it could not be ranked precisely, as ApH formation by both PPase or ATPase was decreased in the presence of phosphate (data not shown). Since electrical potential changes can be induced by only a small amount of anions, we have used the relative rates of potential dissipation as a sensitive indicator of relative anion permeabilities. Estimation ofanion permeabilities using the stimulation of ApH formation as an assay might be biased by the effects of H+-coupled transport systems (27) . Using initial rates of potential dissipation instead of net dissipation we also minimized possible stimulatory effects on the primary pump that might be caused by decreasing A4t after anion addition. Furthermore, initial rates reflect activity when the driving force (A4O) for anion uptake is similar for each anion and each concentration used.
In spite of possible limitations in our assay (e.g. see "Materials and Methods"), the observed differences in membrane potential dissipation by anions were reproducible and thus provided estimates of the relative anion permeabilities. The anion permeabilities in decreasing order and the relative rates were: The relative anion permeabilities of the vacuolar membrane shown here are similar to those reported for tonoplast vesicles where the A4I was generated by ATP (4, 6, 14) . In most cases, the decreasing order of anion permeabilities was SCN-> NO3 > Cl->> S042-as in the plasma membrane vesicles ofNeurospora (23) . As mentioned before, our estimates of anion permeabilities using the PPase to generate membrane potentials are not influenced by direct effects of the anions on the pump and, thus, may be more reliable than those using the tonoplast ATPase. Interestingly, the relative anion permeabilities shown in Figure 2 are analogous to those found for the anion transport protein of red blood cells. Band 3 catalyzes the exchange of many anions, with Cl-and HCO3-being transported most rapidly; while the rate of transportof SO42-and HPO42-are slower by as much as104-fold (13) . It is yet to be established whether AV,-driven anion transport across the tonoplast of plant cells is mediated by one or more protein pathway(s).
These results suggest that under physiological conditions Cland NO3-are the major anions moving into the vacuole. The driving force is provided in part by the electrical gradient (positive inside) generated by the electrogenicH+-ATPase andH+-PPase.
Movement of Cl-and NO3-into the vacuole partially neutralizes positive charges inside, and could account for the low potential difference (+10 to +20 mV [2, 18, 19] ) in the vacuole relative to the cytoplasm. These results are consistent with high concentrations of Cl-found in the vacuole (17, 21) and its role as a possible storage compartment for N03 (19) (20) (21) .
Less information is available about transport across the tonoplast for the other anions tested. However, compartmental analysis of35SO42-tracer kinetics in intact cells (9) revealed that sulfate accumulation is regulated principally at the tonoplast. For phosphate it was reported that its uptake into the vacuole is a very slow process, although about 90% of the cellular phosphate is stored in the vacuole (nonmetabolic or storage pool) (3, 21) . Both observations are in good agreement with the relatively low permeability of the tonoplast for these anions described above.
Potential-Dependent NO3-and Cl-Transport is Saturable. As an attempt to differentiate between potential-dependent anion movement through proteinaceous porters or the lipid bilayer, we did a kinetic analysis of Cl-, NO3-, and SCN-concentration on A( dissipation. The working hypothesis is that protein-mediated anion uptake would depend on the anion concentration and the maximum rate is reached when all the transport sites are saturated. Transport via a lipid pathway would be linearly related to the substrate concentration until the driving force becomes limiting. Figure 3 shows the dissipation of membrane potentials by different concentrations ofNO3-, Cl-, and SCN-. The dissipation by high concentrations (20 mM) of SCN-was as fast or even faster than that of gramicidin (Fig. 3) . Gramicidin gives the maximum rate ofAhy dissipation detectable with this assay and also indicates the magnitude of the driving force (A,). Complete decrease of AV, by SCN-at rates comparable to gramicidin, suggest SCN-uptake was extremely fast and was limited at high concentrations (20 In contrast, the initial rate of dissipation by Cl-and NO3-is saturable (Fig. 3, A and B) . This could not be due to limitations ofthe assay (driving force, detection limit) as the maximum rates seen with SCN-or gramicidin were higher than the V,,, for Cland NO3- (Fig. 3C) . Michaelis-Menten plots of the effect of Cland NO3-concentration on AA' dissipation are shown in Figure   4 , Figure 3 were estimated from the first 6 s after anion addition and converted to relative dissipation rate (see "Materials and Methods"). In (A), the rate of dissipation was examined in the absence (0) and presence (0) anion transport in animal and plant cells (5, 12, 13, 15) . Recently, a H+-coupled Cl-transport on the oat root tonoplast was also shown to be sensitive to DIDS at low micromolar concentrations (27) . Unlike the H+-ATPase (7, 33), H+-pumping by the K+-dependent PPase is DIDS insensitive (32) . This enabled us to test whether the potential-dependent Cl-transport is inhibited by DIDS. As is shown in Figure 4A , there is no significant decrease in the initial rates of potential dissipation by Cl-in the presence of 3 gM DIDS, a concentration which reduced the activity of the H+-coupled Cl-transport by about 50% (27) . We therefore suggest that these two Cl-transport systems, the potential-driven Cl-porter(s) and the H+-coupled Cl-porter(s), are different entities. We also tested duramycin, a polypeptide antibiotic, found to inhibit Cl-transport in clathrin-coated vesicles from bovine brain (29). We found no specific inhibition of Cl-transport (measured as dissipation of PPi dependent Ag') with concentrations up to 50 Mg duramycin/100 Mg vesicle protein (data not shown). This concentration is 10-fold higher than that found to be effective in clathrin-coated vesicles (29). Thus, the Cl-porter of the oat root tonoplast might be structurally different from the one found in clathrin-coated vesicles.
Is Cl--Dependent A0 Dissipation Associated Partly with the Anion-Sensitive H+-ATPase? The tonoplast H+-pumping ATPase from various higher plants is anion-sensitive (1, 4, 6, 7, 14, 30) ; especially provocative is the strong stimulation by Cl-. One interpretation for this characteristic is that a Cl-channel is physically associated with the H+-ATPase (1). Two observations appeared to support this idea: (a) the membrane-bound (1, 7, 33) and partially purified (25) H+-ATPase was inhibited by the anion channel blocker, DIDS; and (b) the similarity in kinetic constants for C1-stimulation of the ATPase and Cl-stimulation of ATP-driven H+ transport (1).
Our results suggest that the AO'-dependent Cl-uptake in tonoplast vesicles described here is not via part of the H+-ATPase as it is not inhibited by DIDS (Fig. 4A ). This conclusion assumes that a putative Cl-conductance associated with the H+-ATPase would be inhibited by DIDS as suggested above. We were able to test the effect of DIDS directly on AO-dependent anion transport by using the H+-PPase as the primary pump. Unlike the H+-ATPase, the H+-PPase is resistant to low concentrations of DIDS (32) . The inhibition by DIDS of the Cl--stimulated ApH generated with ATP (1, 7) can now be explained by the direct inhibition of the H+-ATPase alone, independent of any Clconductance (see below).
We tested whether an additional Cl-conductance was associated with the H+-ATPase as follows. Assuming that H+-ATPase and H+-PPase are on the same vesicles, Cl-should dissipate the At' generated by both pumps via the same DIDS-insensitive porter(s). An additional Cl-conductance associated with the H+-ATPase might become available only in the presence of ATP.
To test for this possibility, we compared Cl-dissipation of AO generated with ATP or PPi. Since the rate of membrane potential dissipation by Cl-was identical whether PPi or ATP was used as the substrate (Table IV) (Fig. 5) . Maximal fluorescence quenching in Figure 5 is not limited by the dye concentration as up to 75% quenching of fluorescence could be achieved with more active vesicle preparations (not shown). Recently, a direct study using permeabilized Nitella cell has shown that both H+-ATPase and H+-PPase are found on the same vacuolar membrane (28). Table IV . Cl-Dissipation ofMembrane Potentials Generated with H+-A TPase or H+-PPase Reaction mixtures as in Figure 1 for the H+-PPase, and as in Table II for the H+-ATPase. Assays Figure 6 . One driving force for Cl-and NO3-uptake into the vacuole is provided by the proton motive force generated by the H+-ATPase and the H+-PPase. This transport via putative proteinaceous porters utilizes only the electrical gradient (membrane potential) part of the total AjH+. Movement of Cl-and NO3-down their electrochemical gradient would be consistent with the compartmental analyses and flux studies done in oat coleoptiles by Pierce and Higinbotham (24) . In that study, the question of whether Cluptake into the vacuole was passive or active depended heavily on the assumed potential difference between the cytoplasm and vacuole (see discussion in Ref. 24) . If one assumes a membrane potential of only +10 mV (positive inside the vacuole), movement of Cl-into the vacuole would be down its electrochemical gradient when Cl-concentration in the cytoplasm and vacuole are estimated to be 85 and 65 mm, respectively. This transport would be considered "passive" as defined by MacRobbie (18) and by Pierce and Higinbotham (24) . In some cells, such as Chara, the concentration of Cl-in the vacuole (100 mM) is 10-fold higher than in the cytoplasm. If the membrane potential across the tonoplast is about + 18 mV (positive inside), then Clis not at equilibrium but must be pumped from the cytoplasm to the vacuole (18) . The mechanism for this active transport is not known. One possibility is a H+/Cl-exchange. The experiments reported here were not designed to test this model, though we have evidence for H+-coupled Cl-transport in another study (27) .
In summary, we suggest the low steady state A4; across the tonoplast (+10 to +20 mV) in vivo is due to the high permeability of the tonoplast to certain anions. The Cl-found inside the vacuole is taken up in part by the membrane potential generated by the H+-ATPase or the H+-PPase. The potential-dependent Cl-and NO3-uptake are mediated by putative proteinaceous porter(s).
